We have deposited small numbers of atoms of silver, gold, and aluminum onto cleaved graphite substrates in ultra high vacuum. Using a scanning tunneling microscope, we have observed monomers. groups of monomers, dimers and a trimer. The adsorption sites and atomic spacings are determined by direct observation. PACS #'s: 61.16.Di. 36.40.+d, 68.35.Bs, 35.20.Dp / In the last ten years. new techniques for the production of clusters in beams have been developed that allow researchers to study free clusters for a wide variety of cluster materials 1 . As a result. many interesting differences have been found between the properties of bulk materials and those of free clusters. including dramatic changes in atomic spacing and electronic structure 2 . Studies of clus~ers are also technologically driven by the need for new and more specific catalysts. But, to use clusters in a catalytic environment, they must be supported on a substrate. The substrate can have a profound effect on the morphology and electronic structure of the ad-cluster, and thus change the catalytic activity of the system 3 ,4. Thus, there is a need for fundamental studies of supported clusters.
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Small clusters have been and continue to be extensively studied as tractable model systems for the study of larger clusters, and also as interesting systems in their own right. For example, Ag4 has recently been shown to be an active catalyst in the formation of the latent image on photographic film 5 . Unfortunately, theoretical calculations on these systems are still very difficult, requiring large amounts of computer time to produce what is often only an approximate result.
Thus, it is especially important to obtain reliable and precise experimental information about these systems. In previous work. we demonstrated the potential of the scanning tunneling microscope (STM) as a tool for the study of metal clusters on graphite in ai r 6. Here, we extend this work to ultrahigh vacuum (UHV) , and demonstrate the capability of the STM to image, atom by atom. isolated monomers and small clusters of Ag, AI. and Au.
We use graphite as a support for three reasons. First of all, graphite is easily cleaved, providing atomically flat planes over many square microns 7 . Secondly, graphite has been extensively studied with the STM, and can be reliably imaged with atomic resolution. Finally, graphite is both a good conductor, and yet also relatively inert chemically. Thus, the graphite surface is particularly well suited to the study of supported metal clusters with the STM. In the present experiment, we cleaved highly oriented pyrolytic graphite 8 in a sample introduction chamber at 10-8 torr. The sample was then transferred to a UHV chamber at 2xlO-10 torr without breaking vacuum. To prevent ion contamination, all ion gauges were turned off before the sample was cleaved and left off for the duration of the experiment 9 .
To prevent the 8TM from contaminating the surface, we found it necessary to clean the W tip in situ before scanning the sample. The tip was cleaned by field emission to a clean Si surface with a bias voltage of 900V and a current of 100pA. For each run, after cleaning the tip and cleaving the sample, we searched IJ~2 with the STM. The STM images showed a perfect graphite lattice over the entire region, with no observable contamination. Furthermore, no grain boundaries, defects or steps were observed on the cleaved substrate. These two facts ensure that all features observed after deposition of the metal were due to adsorbed metal atoms. We used a new tip for each metal, and a freshly cleaved substrate for each run. Since the metal evaporation was done in situ in UHV, it is unlikely that contamination played any role in the imaging process .
Th~ Ag and Au atoms were evaporated from ~ resistively heated Ta boat O.lm from the sample, while the Al was evaporated from a W coil.
Both the Au and the Al eventually alloyed with the boat and coil, respectively, preventing further evaporation, but only after several evaporation cycles. A quartz crystal microbalance was used to monitor the deposition rate, and a shutter was used to determine the exposure time. We deposited approximately 1% of a monolayer of Ag, as measured by the crystal monitor, in 0.5 sec. The work of Arthur and Cho 10 suggests that the sticking coefficient of Ag on graphite might be less than 0.1 for clean graphite, so we would expect to find no more than 0.1% of a monolayer of Ag on the surface. This corresponds roughly to what we observed in a survey performed with the STM: A survey of 10 8 A2 found 1.2x10 5 A2 covered with Ag adatoms distributed in small groups and islands. Comparable amounts of Au were deposited in the same manner, but we were unable to measure the Al deposition rate accurately because of thermal drift in the crystal monitor. We chose this low coverage so that we could find isolated metal atoms surrounded by clean graphite. We then were able to image the graphite lattice and the metal adatoms simultaneously. Thus, the image of the graphite lattice provides an internal calibration for each image and allows us to determine adsorption sites by direct observation.
The STM was operated in the current imaging mode where the tip is scanned at a constant height over the surface and variations in tunneling current are observed. 11 This technique is limited to relatively flat surfaces, but provides rapid image production and high image quality. A bias voltage of 5mV and a tunneling current of 10nA were typical and were chosen to optimize image quality and stability.
When we brought the tip closer to the surface (higher current) the tip-sample interaction was increased, rendering the tip less stable and breaking up the metal islands. When we retracted the tip (lower During the metal deposition, individual atoms arrive at the surface, where they are mobile until they re-evaporate or are captured into an island. Surveys of large areas showed most of the substrate to be clean, with small areas containing groups of metal islands and clusters. By extensive searching, we were able to find several examples of stable isolated monomers, but always within loA of a large island or cluster. In this paper we will give representative examples of a few of the many monomers and small clusters that we have observed. The fact that a single metal adatom can be reproducibly imaged for several seconds in one spot demonstrates that it is relatively strongly bound to the substrate. Metois and Heyraud estimated a binding energy of O.26eV/atom for large Au islands on graphite l4 . This energy is too small to explain the lifetimes that we observe. However, this value is actually a lower bound for the binding of a single adatom: As groups of o adatoms bind to each other, they bind less well to the substrate. This rebonding effect has been discussed by Feibelman 15 . A relatively strong adatom-substrate interaction is also supported by the observation of pinning at the edges of the metal islands 16 . The strong binding may be due to the presence of defects on the surface, but we note that no defects were imaged by the STM before deposition of the metal. An alternative explanation is that the proximity of the metal islands may perturb the structure of the graphite sufficiently to enhance the binding of monomers. Perhaps charge transfer to the substrate (or some more subtle Au-C interaction), weakens the Au-Au and Ag-Ag bond and localizes the electrons, thus allowing the STM to resolve the individual atoms. We do observe atomic resolution of monolayer islands of Au and Ag on graphite l6 , which we attribute in part to the effect of the substrate.
We note that the four Ag atoms are clearly not in the compact equilibrium form of a free cluster. Thus, in this case, the substrate has a profound effect on the morphology of these small clusters.
However, on occasion we see groups of several adatoms in which the individual atoms are not resolved. Figure 6 shows a complex structure which we interpret as two Ag clusters (of two to five atoms each) with several monomers or dimers grouped nearby. This identification is still tentative because of our limited theoretical understanding of the STM imaging process for metal on graphite. This group was very stable, and we were able to study it for 20 minutes without any chapge in morphology. The two large clusters produced an unusually large tunneling current, 120 nA, much larger than the 5nA produced by the background lattice. This high current is presumably due to the large size of these clusters, approximately 2.7A X 4.5A, which we can compare to the Ag atomic radius of 2.88A, and the dimer bond length of 2.50A.
It is also conceivable that one or two atoms form a second layer on the clusters.
As a final example, in Fig. 7 we show images of an Al trimer with several monomers grouped around .it. We obtained 10 images of this group over a period of 10 seconds before the tip changed_ The relative positions of the adatoms remained constant during the period of observation. The monomers are above p-sites. The three-lobed trimer has one corner above a p-site. and is slightly rotated relative to the graphite substrate. The measured spacings from the center of each lobe to the others is roughly 2.51, somewhat shorter than the recent theoretical result of Upton 20 , who found spacings of 2.61A and 2.63A for the Al trimer and 2.51A for the dimer, respectively. Of course, the apparent size in the STM image depends on the details of the tunneling process and also on the gray scale used for presentation. It is also possible that the presence of the graphite substrate has compressed the adsorbed trimer.
A fact common to all of our images is that we have never observed In summary, we have observed metal monomers, groups of monomers, a dimer, and a trimer adsorbed onto the basal plane of graphite substrates in UHV. These adatoms and small clusters were stable enough -to be imaged reproducibly for periods of several seconds to many minutes. Single adatoms were only observed within lOA of an island:
The fact that these singJe adatoms were stable is surprising, perhaps indicating bonding to defect sites or the stabilizing influence of the nearby island. The Ag and Al monomers were more usually observed at graphite p-sites, while the one Au monomer we observed was not. We observed clusters that were resolved into individual atoms usually above p-sites as well as compact clusters which were not atomically resolved. We conclude that for monomers and very small clusters, the effects of substrate-adsorbate interaction are important even for the relatively inert graphite substrate.
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